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Abstract
A radiofrequency electrothermal thruster is designed and simulated to create a low
ionization energy plasma from a neutral propellant using a radio-frequency power. With an
asymmetrical surface area ratio between the grounded and powered electrode, ion-neutral charge
exchange collisions occurring within the propellant result in propellant heating. The
Electrothermal Plenum Thruster conducts this propellant heating in an annular plenum chamber in
attempt to maximize propellant heating. A software called CFD-ACE+ is utilized to demonstrate
the effects of an enhanced sheath from the asymmetrical power coupling arrangement. Two sets
of simulations are run to understand how input variables affect the plasma parameters of electron
temperature and electron density. The first simulation series varies voltage input to the powered
electrode to find that that the highest voltage of 500 V yielded the highest electron temperature at
63 eV, the strongest self-bias with the enhanced sheath at -165 V, and the greatest electron density
at 9.15 × 10

𝑚 . The second simulation series varies pressure input to the grounded electrode

to find that the lowest pressure of 62 Pa provided the highest electron temperature at 32.1 eV, the
strongest self-bias with the enhanced sheath at 128.3 V, and the greatest electron density at 6.41 ×
10

𝑚 . Compared to Pocket Rocket CFD simulation analysis, the Electrothermal Plenum

Thruster performs at a higher level considering the peak electron temperature and electron density.
The optimization of a micro-propulsion system such as this is important for increasing small
satellite rapid maneuverability.
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Interview - Overview
The opportunity to employ means of efficient micro-propulsion has arisen from the use of
CubeSats and other microsatellite systems [1]. This selection of means of thrust must match the
capability of the CubeSat system. Electrothermal thrusters have the ability to operate at powers as
low as 10W; within the capacity that CubeSats can provide [2]. The intellectual foundation of the
Electrothermal Plenum Thruster is derived from the ‘Pocket Rocket’ thruster, an electrothermal
plasma micro-thruster developed by the Australian National University [2]. The Pocket Rocket
thruster creates a weakly ionized plasma discharge within an alumina tube from a neutral gas
flowing between radiofrequency powered and grounded electrodes. Increased momentum and
neutral gas heating within the jet flowing from the alumina tube results from ion-neutral collisions
throughout the bulk plasma. Instead of creating the plasma inside a small tube downstream of the
thruster like Pocket Rocket, plasma in a Radiofrequency Electrothermal Plenum Thruster (RFET)
is created in an upstream plenum to increase the residence time of neutral argon propellant in the
heating region. In theory, this will result in the neutral propellant being exhausted at higher
temperatures, thereby increasing specific impulse. The higher the electrode ratio, the higher the
enhanced sheath over the powered electrode. An enhanced sheath is important for an optimum
velocity, thrust, and specific impulse. The aim with increasing plasma sheath effects and resultant
specific impulse is to advance the capabilities of electrothermal thrusters to make it travel further
and more efficiently.
The scope of this thesis contains an in-depth simulation of input pressure and voltage
variation effects on plasma parameters. At the time of writing, an experimental validation has not
yet been completed. It is important to understand how accurate computerized simulations perform
before modeling real world scenarios to save resources used in experimentation. A Computational
1

Fluid Dynamic (CFD) software called CFD-ACE+ has the capability to model plasma parameters
in a transient simulation. The plasma parameters gathered from the computational setup is
expected to correlate with the theoretical background.

2

Chapter 1: Literature Review
The

following sections cover background information related to the theory of radio-frequency

electrothermal propulsion and example applications. Concepts such as neutral gas heating, plasma
breakdown, secondary electrons, and CCP theory need to be described to understand the
functionality of the radio-frequency Electrothermal Plenum Thruster. Several example
applications are then provided to help define where the plenum thruster is derived from.
Literature Review – RFET Operating Principles
The formation of one area of micro-propulsion thrusters, called a radio-frequency
electrothermal thruster, has been used to validate the use of CFD simulations to match
experimental results and meet the needs of micro-satellites [2 3]. Here, a radio-frequency (RF)
generated capacitively coupled plasma (CCP) causes neutral gas heating. A CCP created by an
asymmetric RF power coupling utilizes a grounded and powered electrode in direct contact with
the gaseous discharge. The asymmetry caused by the grounded electrode being larger than the
powered electrode of the CCP formulates a DC self-bias [1]. During breakdown, when gas
transforms into a plasma state due to this applied electric field, ions and electrons are accelerated
in opposing directions [2 3]. Indicated by Paschen’s law, breakdown of a gas occurs at a particular
power input and pressure-distance parameter of the discharge [2]. Due to the attractions and
repulsions of the particles, separate concentrations of ions and electrons form. These high voltage
regions, called sheaths, oscillate at the same frequency as the power applied [4]. Within the
enhanced sheath at the powered electrode during the negative half of the RF cycle, the density of
the ions is the highest. After the negative DC self-bias at the RF electrode attracts positive ions
from the main plasma bulk, a secondary electron is released from the neutralizing collision
between the powered electrode and the ion [2]. This is seen below in Figure 1.1.
3

Figure 1.1: Capacitively Coupled Plasma [2].
Secondary electrons are accelerated into the plasma bulk at high energies due to the high
voltage within the sheath having an opposite charge. The plasma remains quasineutral from the
secondary electrons returning to the bulk plasma and undergoing more ionizing collisions [4].
Furthermore, ion-neutral charge exchange collisions occur to supplement the operation of a RFET.
Hot neutrals form when a valence electron is transferred from a neutral atom to an ion due to their
proximity. If particle kinetic energy remains constant, the collision results in a slow ion and fast
neutral. Hot gas escapes in an open-ended plasma cavity at high velocities that creates thrust [5].
As seen in Equation 1, thrust is also equal to the sum of a momentum and pressure
component [6]. Here, F is thrust, 𝑚̇ is propellant mass flow rate, 𝑣 is exit velocity, 𝐴 is the exit
area, 𝑃 is exit pressure, and 𝑃 is ambient pressure. The propellant temperature at the nozzle inlet
determines the propellant exit velocity from the nozzle. This dependency is shown in Equation 2
[6]. In this equation, 𝐶 is the constant pressure specific heat, 𝑇 is chamber temperature, and 𝑇 is
exit temperature. The optimization of the propellant temperature, with the resultant exhaust
velocity and thrust, can be achieved by increasing the frequency of ion-neutral charge exchange
collisions or the residence time of the neutral propellant gas in the plasma region [2].

4

𝐹 = 𝑚̇𝑣 + 𝐴 (𝑃 − 𝑃 )
𝑣 =

2𝐶 (𝑇 − 𝑇 )

(1)
(2)

Literature Review – RFET Devices
The 2015 dissertation creation of Pocket Rocket from the Australian National University
is included in the advancement of electrothermal radio frequency thrusters. Argon gas, producing
greater thrust than Nitrogen gas, is fed into a plenum chamber and through an alumina tube [2].
This dielectric material is surrounded by a powered and grounded electrode. The copper powered
electrode surrounds the midpoint of the alumina with a copper pin feedthrough connected to an
RF power. The grounded electrode, made up of aluminum walls, connects from the plenum
chamber to make contact with the alumina tube. A Macor housing separates the electrode coupling
by encasing the RF electrode. Within the alumina tube, the propellant that enters is heated by the
complete electric circuit, experiences plasma breakdown along with ion-neutral collisions, releases
secondary electrons, and exits as plasma into the glass expansion tube [2]. This geometry is
displayed in Figure 1.2.
The results from the CFD simulation include a potential on the inner alumina surface oscillating
between 80 V and -200 V, with a DC bias of -43 V. Figure 1.3(a) shows the phase resolved results
for electron temperature, electron density, and ion density at a point that is .1mm from the inner
surface of the alumina tube. The effects of the enhanced sheath show that electron temperature
increases up to 42 eV from 1.6 eV corresponding with the transition from the positive half
(phase<.5) to the negative half (phase>.5) of the RF cycle. This is explained by the negatively
enhanced sheath accelerating ion induced secondary electrons into the bulk plasma [2]. Since the
first ionization potential of Argon is 15.76 eV, a peak in ion density occurs [2]. Occurring
5

alongside this, electron density drops by two orders of magnitude during the negative half of the
RF cycle as electrons are being accelerating by the large negative potential away from the sheath.

Figure 1.2: Pocket Rocket Geometry [2].
In Figure 1.3(b), the phase resolved results for electron temperature, electron density, and
ion density from the central axis of the thruster tube are plotted. This location represents the bulk
of the plasma. The negative half of the RF period results in a 3 eV increase in electron temperature
and corresponding increase in ion and electron density of less than an order of magnitude. The
lower electron temperature compared to measurement from the sheath demonstrates that hot
electron meet inelastic collision to not diffuse into the central plasma or lose their additional energy
[2]. Quasi-neutrality, which is essential to plasma, is maintained with ion and electron density
being relatively close in value as the negative bias has less effect in this region [2].

6

(a)
(b)
Electron density (black dotted line), ion density (black dashed line) and electron temperature
(blue solid line) for locations:
Figure 1.3(a): .1mm From the Inner Surface of the Dielectric Tube [2].
Figure 1.3(b): On the Central Axis of the Thruster Tube [2].
Since Pocket Rocket, research has been completed to study potential advancements in the
device. Further optimization of Pocket Rocket includes a 2019 analysis of a nozzle addition and
electrode geometry. When adding an aluminum cone-shaped micronozzle at the end of the alumina
tube with an area ratio of 10 and diverging-half angle of 30 degrees thrust increases by 6% [3].
Also to optimize Pocket Rocket, a 2018 study of electrode geometry variation found that the
plasma density and electron temperature peaked with the smallest of RF electrode length [7]. In
2018, a compact and efficient system was implemented into the micro-thruster system to resolve
the issue of bulky thermal management components taking up valuable volume on board nanosatellites [8]. To minimize the volume of the RF system, a switched mode dc-RF power inverter
was presented and the power inverter used only air core inductors that were printed using copper
traces and vias on a Printed Circuit Board (PCB) [8]. The new design allowed for the integrated
thruster and power inverter PCB to serve as side panels and structural support of microsatellite
systems [8]. Before, low power efficient linear mode RF power amplifiers and heavier magnetic
cored inductors were utilized [8]. The proof of concept of this prototype was proven useful as the
entire device weighed about 150 g and operated at a switching frequency of 13.85 MHz [8]. It
drew about 45 W peak power at 14 V dc input at an efficiency estimated as 85% [8]. The advantage
of reducing the on board volume of satellites like CubeSat is to make room for more propellant
and/or payloads. Also in addition to the current status micro-thruster configuration, a 2020 design
7

for an inductively coupled, not the former capacitively coupled, radiofrequency Pocket Rocket
was operated in an experiment at 40.68 MHz from an RF antenna [9]. The grounded, aluminumcylindrical plenum, with a 25 mm diameter and 15 mm depth, connects to a 5.5 mm outer diameter
and 4.0 mm inner diameter alumina tube [9]. The RF antenna was looped around the ceramic tube
[9]. When varying the mass flow rate of argon gas from 40 to 140 SCCM at a constant power, the
thrust increased linearly from about .05 mN for 40 SCCM and .3 mN for 140 SCCM [9]. With the
variation of power from 20 to 50 W with a constant mass flow rate, the resultant thrust quasilinearly increased from .14 mN and .3 mN for 20 W and 50 W, respectively [9].
Another example of an RFET from the Technion-Israel Institute of Technology is called
the Capillary Capacitively Coupled Radiofrequency Thruster (C3RFT) [10]. This model is
comprised of an insulator capillary made of quartz with an inner diameter of .8 mm that is 15 mm
in length [10]. On one end is the metal tube that acts as a grounded electrode that surrounds the
capillary. The electrode on the other end is a small annular copper ring that is powered in the
frequency range of 2 MHz by an RF generator [10]. The computational model for the simulation
for C3RFT is seen in Figure 1.4, along with the sinusoidal power applied.

Figure 1.4: Capillary Capacitively Coupled Radiofrequency Thruster Schematic [10].
The simulation and experimental setups found that the addition of RF power increased the
thrust, specific impulse, and exhaust velocity. It was also found that increasing input pressure
increased thrust. The simulated results also validated the theory of asymmetric capacitive
discharges because the larger grounded electrode in comparison to the powered electrode created
a dc bias of -450 V on the inner quartz surface. This is seen with a plasma potential changing from
8

0 V to 50 V at the grounded electrode, 50 V in the interelectrode gap, and -400 V at the powered
electrode along the axis of the of symmetry [10]. The potential at the capillary inner surface (50
mm, .4 mm) is about 300 V during the positive half cycle and -1200 V during the negative half of
the RF cycle [10]. This implies sheath formation. The calculated electron temperature is 2.4 eV at
the capillary inlet and 7.2 eV at the exit due to the heating of electrons in the sheath region [10].
The Plasma Research Laboratory in Ireland also created an example RFET application of a
semiconductor processing plasma tool called the Exelan [11]. This device has a symmetric
electrode configuration that has multiple radio frequency sources that are coupled capacitively
with the silicon wafer. The floating tungsten hairpin probe was used to measure the electron density
between the two electrodes. The experimental setup is seen in a schematic in Figure 1.5.

Figure 1.5: Exelan Thruster Experimental Schematic [11].
For the Ar/O2/C4F8 gas mixtures, the time-averaged electron density at the midplane
between the two electrodes was increased linearly when the 27 MHZ power is increased for two 2
MHz values of 200 Watts and 300 Watts [11]. This plasma density is greater for the 300 Watts
than the 200 Watts. Here, a high frequency discharge voltage causes the probe wire to oscillate
with the plasma potential voltage [11]. The probe wire sheath has a low impedance with the higher
frequency power [11].
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Another application of a RFET thruster is the Electrothermal Plenum Thruster is setup to
demonstrate the CCP theory, with aluminum serving as the grounded electrode and copper as the
powered electrode. Within CFD-ACE+, the transient simulations use a 240 V sinusoidal amplitude
at a frequency of 13.56 MHz and input pressure of 200 Pa to be consistent with Pocket Rocket
simulations. A thin layer of alumina is utilized as a dielectric material to insulate and contribute to
the negative DC self-bias that will form. For each simulation run, the copper electrode length and
relative surface area ratio increase while the chamber, inlet, and plume remain the same. The
alumina increases proportionally to encase the copper. The nozzle design is derived from a
secondary experimental design of Pocket Rocket, with CFD model validation [3].
Table 1: Copper Length and Corresponding Surface Area Ratio for CFD Simulation [10]
Copper Length

Grounded to Powered Electrode Surface Area Ratio

(mm)

(mm2/mm2)

26

3723.4/326.7 (about 11.9)

14

3723.4/163.4 (about 22.8)

6.5

3723.4/81.7 (about 45.6)

For the simulation series varying the electrode area ratio, Figure 1.6 and Figure 1.7 display
three phases of the electric potential from the sheath and bulk plasma gathered from CFD-ACEGUI monitor points and plotted in MATLAB to check statistical reliability. The sheath edge
monitor point is located on the outside edge of the alumina. The plasma bulk monitor point is
located on the plenum halfway between the alumina and chamber walls along the y-axis and along
the x-axis where the alumina begins to curve.
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The electric potential of the powered electrode edge, with a ±210 V amplitude, is used to check
that it is relatively close to the input value and compare it to the sheath edge and plasma bulk.
During the positive half cycle of each phase on the edge of the alumina, the 6.5 mm, 14 mm, and
26 mm copper lengths have a peak electric potential of 44 V, 60 V, and 73 V, respectively. For the
positive half cycle of each phase in the plasma bulk, the 6.5 mm, 14 mm, and 26 mm copper lengths
have a peak electric potential of 43 V, 61 V, and 74 V, respectively. The greater voltages are
attracting electrons at greater acceleration into the sheath and repelling ions into the bulk plasma.
During the negative half cycle of each phase on the sheath edge, the 6.5 mm, 14 mm, and 26
mm copper lengths have a trough electron voltage of -67 V, -108 V, and -76 V, respectively. A
negative DC self-bias is forming here as the enhanced sheath is causing the release of electrons
from ionizing collisions when attracting ions. These ionizing collisions include ions colliding with
the alumina wall and ion-neutral collisions. Since the ions have high collision frequencies, they
release secondary electrons to further strengthen the self-bias [12]. Resultant electrons are then
accelerated into the plasma bulk across this voltage difference. It is important to note that the 14
mm copper here has an electron voltage that isn’t between the troughs of the 6.5 mm and 26 mm.
This could be due to the electron collision frequency in CFD-ACE-GUI for the 14 mm copper
input as 1 × 10 less than the other copper lengths to achieve a converged solution. With a lesser
electron collision frequency, fewer ionizing collisions occur between particles and secondary
electrons lose their energy after undergoing inelastic collisions [12]. In this case, a weaker electron
temperature is present. For more consistency with theory, the electron collision frequency needs
to be set at a constant without diverging the solution. For the negative half cycle of each phase in
the bulk plasma, the 6.5 mm, 14 mm, and 26 mm copper lengths have a trough electron voltage of
4 V, 3 V, and 2 V respectively. This is anticipated since the plasma bulk should remain positive.

11

Figure 1.6: RF Cycles of Electric Potential on the Sheath Edge [12].

Figure 1.7: RF Cycles of Electric Potential in the Plasma Bulk [12].
For further analysis of plasma parameters influenced by varying the electrode surface area ratio,
Figure 1.8 displays the CFD-VIEW contour plots for the average ion number density for the three
copper lengths. The legend on the left is for all 3 plots. The simulation results have been cropped
to show only the plenum chamber area of interest and mirrored about the axis of symmetry for
legibility. The white zones are the solids (aluminum chamber, copper electrode, and alumina) that
12

are not being analyzed here. The 6.5 mm, 14 mm, and 26 mm copper lengths have peak average
ion number densities of 1 × 10 𝑚

, 1.6 × 10 𝑚 , and 1.7 × 10 𝑚

respectively. The

greater the electrode surface area ratio, the lesser the peak average ion number density. This could
possibly be due to the concentration of ions having less volume to avoid collisions on the path it
takes toward the nozzle. The 6.5 mm copper could also be too short to attract ions from the bulk
plasma. For the longer copper lengths, the concentration of ions is higher in the middle of the
annular channel between the alumina sleeve and aluminum walls. In each of the configurations,
the contour has a moderate peak in ion number density between the tip of the alumina and the exit
nozzle. The ionizing collision increase toward the small constriction of flow through the nozzle
[12].

(a)6.5mm

(b)14mm

(c)26mm

Figure 1.8: CFD-VIEW Contour Plots for the Average Ion Number Density [12].
Monitor points were placed within the powered sheath using CFD-ACE-GUI to provide the
electron temperatures for analysis in Figure 1.9. The 6 mm, 14 mm, and 26 mm length copper
electrode produce the electron temperatures across three phases in Figure 2.6. The peak electron
temperature for the 6.5 mm, 14 mm, and 26 mm copper length are: 22 eV, 24 eV, and 20 eV. These
peaks occurred at the trough of the RF cycle since that energy is high from is when collisions take
place and secondary electrons are released. As mentioned earlier, the minimized electron collision
13

frequency impacted the result for the 14 mm copper length. Here, the 14 mm having the highest
electron temperature may be due to the less electron collision frequencies since they don’t lose
their energy from the impact. CFD-ACE-VIEW reflected that Joule heating hit a peak of 7.1 ×
10 𝑊/𝑚 in the sheath around the alumina encasing the 6.5 mm copper during the minimum
voltage of the negative half cycle. The 14 mm and 26 mm copper lengths didn’t have any Joule
heating. A high operating pressure and developed self-bias from the device asymmetry means
stochastic heating effects in the sheath region are small and Joule heating causes most of the
electron heating [1].

Figure 1.9: RF Cycle Phase Resolved Electron Temperatures in the Powered Sheath [12].
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Chapter 2: Electrothermal Plenum Thruster CFD Design
The Electrothermal Plenum Thruster is setup to demonstrate the CCP theory, with
aluminum serving as the grounded electrode and copper as the powered electrode. This is the same
setup as the 26 mm electrode configuration from the literature review. For the purposes of
insulation and to contribute to the negative DC self-bias that will form, a thin layer of alumina is
utilized as a dielectric material. In Figure 2.1(a), the thruster geometry is labelled. Figure 2.1(b)
shows a closer view of the nozzle geometry. The aluminum chamber of the thruster is 42.75 mm
in length and 50 mm in diameter. Figure 2.2(a) offers a look at a cross section of the prototype in
CAD. The parameters that will be analyzed are the electric potential, electron temperature, and
electron density in the bulk and the powered sheath. These values are essential to the functionality
of the thruster. Understanding what is occurring between the sheath and bulk will allow a look into
the benefits that the enhanced sheath is providing for the plasma. The areas of interest are labelled
in Figure 2.2(b).

Figure 2.1(a): The CFD Model Geometry of the Top Half of a 2D Cross-Section.
15

Figure 2.1(b): Close Up of the Exit Nozzle Geometry.

(a)
(b)
Figure 2.2(a): NX Thruster CAD Cross Section with Component Labels.
Figure 2.2(b): NX Thruster CAD Cross Section with Areas of Focus Labels.
CFD Simulation Methodology
The Computational Fluid Dynamics (CFD) software used to simulate the enhanced sheath
formed from by the Electrothermal Plenum Thruster is called CFD ACE+. This program has three
main packages for simulating plasma properties: CFD-GEOM for developing the geometry, CFDACE-GUI for the input of parameters, and CFD-VIEW for displaying contour plots across a
simulation. The propellant used is Argon and the minimum operating pressure in the plenum is
about .46 Torr based on the Paschen Curve in Figure 2.3. The minimum breakdown voltage is
16

about 100 Volts at a corresponding pressure-distance of .597 Torr-cm. The average distance
between the copper and the grounded chamber walls in the Electrothermal Plenum Thruster is 1.3
cm. Using this distance for the breakdown criterion, the operating chamber pressure that will
require the least voltage input is .46 Torr, or 61.3 Pa. Differing from a previous analysis of this
Electrothermal Plenum Thruster, a constant electron collision frequency of 5 × 10 is set to
encourage converged solutions. This analysis provides a range of pressures and voltages in the
annular plenum channel that will be sufficient for plasma breakdown.

Figure 2.3: Paschen Curve for Argon with Thesis Configuration.
A two-dimensional, asymmetrical design is implemented to represent half a cross section
of the real-life 3D model. The CFD-ACE-GUI has the capability to enable quasi-3D results with
the application of an axis of symmetry. In Appendix I, various input parameters, including Problem
Type, Model Options, Volume Conditions (VCs), Boundary Conditions (BCs), Initial Conditions
(ICs), Solver Control, and Output for the setup used are organized.
CFD Results and Discussion
For the first simulation series for varying input pressure, the minimum breakdown voltage
aligning with the configuration for the Electrothermal Plenum Thruster is used as a constant. This
value and the varying pressures must be sufficient for plasma breakdown according to the Paschen
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Curve for Argon with this configuration. The second simulation series that varies input voltage
uses a constant input pressure. This parameter and the varying voltages must be adequate for
plasma breakdown according to the Paschen Curve for Argon with this geometry.
Simulation Series 1 – Voltage Variation
As stated earlier, simulation series 1 uses a constant pressure and varies voltage. To abide
by the Paschen Curve while varying voltage, the pressure-distance is rounded up to .6 Torr*cm
and converts to 62 Pa. The varying voltages range from 100V to 500V at about 100V intervals.
This is all seen in Table 2. Rounding up the minimum pressure ensures that no diverging solutions
occur from being too close to the minimum values since the Paschen acts as an estimate. Taking
the RF power at a sinusoidal frequency of 13.56 MHz, each voltage is applied to the powered
electrode. This creates voltages in the annular plenum channel sufficient for plasma breakdown.
Table 2: Constant Input Pressure and Variable Voltage for CFD Simulation
Pressure (Pa)
Minimum Voltage (V)
62
100
62
200
62
300
62
400
62
500
The first result to analyze is the electric potential in the sheath and bulk of the plasma. In
Figure 2.4(a) a graph of 3 RF cycles of electric potential in the sheath around the alumina for each
of the voltages simulated to show consistency in results. For the 100 V, 200 V, 300 V, 400 V, and
500 V values, the peak values are 50 V, 89 V, 118 V, 133 V, and 141 V, respectively. A trend
shows that electric potential increases along with input electrode voltage. The respective trough
values were calculated as -73 V, -128 V, -158 V, -164 V, -165 V. Each of the troughs display a
negative DC self-bias forming as the trough are greater in magnitude than the peaks. This following
the CCP theory involving an enhanced sheath to sustain the plasma. As the voltage increased, the
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difference between the peaks and troughs lessened. The following Figure 2.4(b) plots 3 RF cycles
of the electric potential in the plasma bulk. As it doesn’t reach a negative voltages with respect to
the grounded Aluminum chamber walls during the negative half cycle, the positive half cycle
results in peak values for the five voltages from 100 V and 500 V are 48 V, 90 V, 118 V, 134 V,
and 141 V. These values closely match the peaks from the sheath to further validate that the thruster
is operating accordingly.

(a)
(b)
Figure 2.4(a): RF Cycles of Electric Potential in the Sheath for Voltage Variation.
Figure 2.4(b): RF Cycles of Electric Potential in the Plasma Bulk for Voltage Variation.
The next values to discuss are the results of the electron temperature in the sheath and bulk
plasma. Here, one cycle is shown to display the results clearly. Electron temperature in the sheath
shows low and similar values around 3 eV-4 eV for all the voltages simulated during the positive
half cycle of the RF before a stark and varied increase during the negative half cycle. Figure 2.5(a)
presents this information. Like the electric potential, as input voltage increases, so does the peak
electron temperature. As mentioned in the literature review, the reason for these trends is because
the negative charge of the electrode is attracting cations from the bulk as high velocities. The peak
is likely caused by the secondary electrons being released and repelled into the bulk from ions
colliding with the alumina wall at energies higher than what’s required for ionization. The 100 V,
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200 V, 300 V, 400 V, and 500 V peak in the sheath during the negative half of the RF cycle at 16
eV, 32 eV, 47 eV, 57 eV, and 63 eV, respectively. In the bulk plasma, the electron temperature
peaks in both the positive and negative half of the RF cycles, but at much lower electron volts than
in the sheath. This is due to the enhanced sheath accelerating particles at a greater electric potential
than in the bulk. The 100 V, 200 V, 300 V, 400 V, and 500 V peak in the bulk during the positive
half of the RF cycle at 2.83 eV, 2.75 eV, 2.50 eV, 2.32 eV, and 2.22 eV, respectively. The 100 V,
200 V, 300 V, 400 V, and 500 V peak in the sheath during the negative half of the RF cycle at 3.12
eV, 3.04 eV, 2.85 eV, 2.68 eV, and 2.55 eV, respectively. It is important to note that the 100 V
peak begins and ends slightly before the other input voltages simulated. This could result from the
100 V being closest to the minimum breakdown voltage from the Paschen Curve. The electron
temperature can’t be held at the peak as long, since the input is closest to a voltage not able to
sustain the plasma. In the plasma sheath, electron temperature and input voltage for the electric
potential have an inverse relationship. This is due to the potential difference across the sheath into
the bulk plasma increasing as the input voltage increases. With this concept, the electrons in the
have more heat in the plasma bulk with lesser potential gradient.

(a)
(b)
Figure 2.5(a): RF Cycle of Electron Temperature in the Sheath for Voltage Variation.
Figure 2.5(b): RF Cycle of Electron Temperature in the Plasma Bulk for Voltage Variation.
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The final parameter to analyze is the density of the electrons. Figure 2.6 displays how
electron density varies during one complete RF cycle in the sheath for the 100V, 200V, 300V,
400V, and 500V inputs. For the five input voltages, the peak during the positive half of the period
for electron densities are 4.65 × 10
10

𝑚 , and 3.29 × 10

densities drop to 1.52 × 10

𝑚 , 1.08 × 10

𝑚 , 1.90 × 10

𝑚 , 2.66 ×

𝑚 , respectively. In the negative half of the RF cycle, all the electron
𝑚 . These decreases in density in the sheath originate from the

electrons being repelled from this region by the negative potential. As the voltage input increases,
so does the electron density peak during the attraction from the positive potential applied. This is
due to the intensity of the voltage applied having the capability to draw more electrons. In the bulk,
the electron densities for the 5 voltage inputs remain constant at the following values: 9.15 ×
10

𝑚 , 5.16 × 10

𝑚 , 2.19 × 10

𝑚 , 6.33 × 10

𝑚 , and 1.32 × 10

𝑚 ,

respectively in Figure 2.6(b). The values remain constant since the electron temperature in this
region doesn’t vary by much being further from the effects of the sheath.

(a)
(b)
Figure 2.6(a): RF Cycle of Electron Density in the Sheath for Voltage Variation.
Figure 2.6(b): RF Cycle of Electron Density in the Plasma Bulk for Voltage Variation.
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Simulation Series 2 – Pressure Variation
Simulation series 2 applies a constant voltage and variable pressure. To follow the Paschen
Curve, the pressure-distances converted to pressures were .6 Torr*cm, 1.2 Torr*cm, 1.8 Torr*cm,
2.4 Torr*cm, and 3 Torr*cm. The distance between the electrodes is 1.3 cm corresponds to the
following pressures: 62 Pa, 123.1 Pa, 184.6 Pa, 246.1 Pa, and 307.7 Pa. Since the right side of the
curve functions so that the greater values act as a limiting factor for the minimum voltage, it must
be taken into consideration that the 3 Torr*cm has a minimum voltage of about 200 V. To keep
the results controlled in a way where the results a based only on the varied pressure, the minimum
breakdown voltage for this simulation series is set at 201 V for each input pressure simulated. This
is seen in Table 3. Similar to simulation series 1, rounding and adding a whole number to the
minimum pressure and voltage ensures that no diverging solutions occur from being too close to
the minimum values. Once again, the RF power is applied at a frequency of 13.56MHz, but this
time, a 201 V is applied to the powered electrode. This creates voltages in the annular plenum
channel sufficient for plasma breakdown.
Table 3: Constant Voltage and Variable Input Pressure for CFD Simulation
Minimum Voltage (V) Pressure*Distance (Torr*cm) Pressure (Torr)
Pressure (Pa)
201
0.6
0.462
62
201
1.2
0.923
123.1
201
1.8
1.385
184.6
201
2.4
1.846
246.1
201
3
2.308
307.7
Three RF cycles of electric potential in the sheath and in the bulk are displayed for the
varying pressures in Figure 2.7(a) and Figure 2.7(b). As previously mentioned, the pressures
applied are: 62 Pa, 123.1 Pa, 184.1 Pa, 246.1 Pa, and 307.7 Pa. In that order, the peak values in the
sheath during the positive half of the RF cycle are 89.7 V, 79.3 V, 72.1 V, 67.0 V, and 61.9 V,
respectively. The electric potential of the electrode is also displayed as a reference for how the
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other electric potentials are behaving. The pressure and electric potential have an inversely
proportional relationship. As the pressure input applied increases, the resultant electric potential
decreases. The reason for that on the right side of the Paschen Curve, it takes more voltage to
sustain a plasma at a higher pressure. When operating at a different pressures with the same
voltage, the lower pressure is operating at a voltage higher than its minimum and the higher
pressure is operating closer to its minimum. In the scenario, the lower pressure preforms at a high
electric potential while the higher pressure does not. This is the opposite relationship from
simulation series 1 where increasing voltage also increased electric potential. It is seen here that
straying from the Paschen Curve at a higher voltage at a corresponding pressure is optimal for the
electric potential. The negative self-bias is evident in Figure 2.7(a) as the trough values for the
pressures applied are -128.3 V, -96.8 V, -73.6 V, -56.4 V, and -45.9 V, respective to the pressure’s
ascending order. The corresponding electric potentials in the bulk plasma during the positive half
cycle are 90.2 V, 79.1 V, 71, 7 V, 66.6 V, and 61.7 V, respectively. As anticipated, this is closely
related to the peaks in the sheath at this phases of the cycle. It is important to note that 184.6 Pa,
246.1 Pa, and 307.7 Pa have a slightly negative value for the electric potential in the bulk plasma
in Figure 2(b) for the negative half of the RF cycle. The 307.7 Pa also doesn’t follow a smooth
curve in this trough. To fix this, a higher voltage needs to be chosen to counter discrepancies
between the results and expected data. This way, the higher pressures are not operating too close
to the calculated minimum breakdown voltage from the Paschen Curve.
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(a)
(b)
Figure 2.7(a): RF Cycles of Electric Potential in the Sheath for Pressure Variation.
Figure 2.7(b): RF Cycles of Electric Potential in the Plasma Bulk for Pressure Variation.
The electron temperature across one RF cycle is graphed in Figure 2.8(a) and Figure 2.8(b)
for the sheath and bulk plasma, respectively. Like the simulation series 1, one cycle displays the
data most clearly since the consistency of the data is already shown in the three RF cycles for the
electric potentials. For both the sheath and bulk plasma, the pressure and electron temperature have
an inverse relationship. In detail, the 62 Pa, 123.1 Pa, 184.6 Pa, 246.1 Pa, and 307.7 Pa electron
temperature in the sheath during the positive half of the RF cycle range similarly from 0 eV to 5
eV. These varying pressures have peak electron temperatures in the sheath during the negative half
cycle are 32.1 eV, 21.1 eV, 15.5 eV, 12.2 eV, 9.40 eV. These peaks get closer together in
magnitude as the pressure increases. Related to the electric potential analysis, the lower pressure
are operating at higher input voltages than their minimums, so the resultant electron temperature
is higher than the higher pressure operating at input voltages closer to their minimums. This is due
to the electron gaining energy as from the enhanced sheath. For the bulk plasma in the positive
half period shown in Figure 2.8(a), the varied pressure peaks between 1.50 eV and 2.75 eV. In the
negative half period in the bulk displayed in Figure 2.8(b), the second peaks for the varied
pressures are 3.04 eV, 2.05 eV, 1.71 eV, 1.55 eV, 1.46 eV. The difference between the first and
second peak decreases with the increase of input pressure across the entire RF cycle. In other
words, the enhanced sheath has less impact on the bulk plasma at the highest input pressure of
307.7 Pa at its Paschen minimum breakdown voltage of 201 V.
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(a)
(b)
Figure 2.8(a): RF Cycle of Electron Temperature in the Sheath for Pressure Variation.
Figure 2.8(b): RF Cycle of Electron Temperature in the Plasma Bulk for Pressure Variation.
Figure 2.9(a) displays the electron density for each input pressure in the powered sheath
around the alumina. Unlike, other values discussed thus far for the variable input pressure the
electron density in the sheath has a directly proportional relationship with pressure. The peak
values during the positive half of the period for the 62 Pa, 123.1 Pa, 184.6 Pa, 246.1 Pa, and 307.7
Pa are 1.09 × 10
10

𝑚 , 2.19 × 10

𝑚 , 3.44 × 10

𝑚 , 4.59 × 10

𝑚 , and 6.40 ×

𝑚 , respectively. The constant value that the electron density drops to in the negative half

of the RF cycle is an order of magnitude lower than the peaks in the positive half cycle. In the bulk
plasma, the electron density is constant with each pressure variation at 6.41 × 10
10

𝑚 , 4.02 × 10

𝑚 , 5.16 × 10

𝑚 , and 5.89 × 10

𝑚 , 2.36 ×

𝑚 , respective to the pressure

values in ascending order in Figure 2.9(b). At the 307.7 Pa constant, the value starts to fluctuate
dramatically at the start of the negative half cycle and goes back to the constant value at the
midpoint of the negative part of the RF cycle. To fix this discrepancy, a higher voltage needs to be
selected to ensure the plasma is being sustained according the Paschen Curve.
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(a)
(b)
Figure 2.9(a): RF Cycle of Electron Density in the Sheath for Pressure Variation.
Figure 2.9(b): RF Cycle of Electron Density in the Plasma Bulk for Pressure Variation.
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Chapter 3: Conclusion
The Electrothermal Plenum Thruster successfully generates and sustains a plasma using an
asymmetrical electrode surface area. Trends seen with attempts to optimize the plasma properties
include that increasing input voltage at the lowest possible breakdown pressure form the Paschen
Curve increases plasma properties. It can be inferred that maximizing voltage input is a balancing
act between what the micro-propulsion system can supply and how much of a difference increasing
the voltage actually makes. Perhaps a correlation can be made in a future test to get try predicting
how much increasing input voltage with affect the electric potential, electron temperature, electron
density, and ion density in different locations. This could be useful for understanding the cause
and effect of varying voltage and pressure without having to simulate it or do an experimental
process. It would also be beneficial to get an understanding exactly how close values can get to
the Paschen minimums before diverging the solution or not sustaining the plasma. From simulation
series 1, it was seen that the highest voltage of 500 V yielded the highest electron temperature at
63 eV, the strongest self-bias with the enhanced sheath at -165 V, and the greatest electron density
at 9.15 × 10

𝑚 . Simulation series 2 showed that the lowest pressure of 62 Pa provided the

highest electron temperature at 32.1 eV, the strongest self-bias with the enhanced sheath at -128.3
V, and the greatest electron density at 6.41 × 10

𝑚 . Table 4 displays the performance

parameters of micro-thrusters discussed in this thesis. The Electrothermal Plenum Thruster with
an applied RF power of 500V had the greatest values in the sheath for the electron temperature
and density, but didn’t out preform the original Pocket Rocket or Capillary Coupled RF Thruster
in electric potential. Pocket Rocket’s design has a higher asymmetry than the Electrothermal
Plenum Thruster, with the powered electrode area of about 1 𝑐𝑚 and the grounded area of about
58 𝑐𝑚 [2]. This greater asymmetry allowed for a higher electric potential to be reached. The
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reason for the Capillary Capacitvely Coupled RF having a greater sheath electric potential is due
to the amount of input voltage being applied from its sinusoidal equation being much larger than
the voltages applied to the other thrusters. To increase the negative electric bias in the sheath for
the Electrothermal Thruster to rival Pocket Rocket and the Capillary Capavitively Coupled RF
Thrusters, the input electric potential and electrode asymmetry must be increased.
Table 4: Performance Parameters of Micro-Thrusters
Electric
Electron
Thruster Type
Potential
Temperature
(V)
(eV)
Pocket Rocket [2]
-200
42
Electrothermal Plenum (6.5mm Length) [12]
-67
22
Capillary Capacitively Coupled RF [10]
-1200
7.2
Electrothermal Plenum (500V)
-165
63
Electrothermal Plenum (62Pa)
-128.3
32.1

Electron
Density
(𝑚 )
2.25 × 10
9.15 × 10
6.41 × 10

The importance of this data is to understand how to fully optimize the design for this
thruster before selecting a design for the prototype. Next steps include manufacturing the thruster,
setting up the experiment physically, and operating the thruster at the same values simulated in
this thesis. Then, the data can be cross referenced to get an understanding of how accurate the CFD
simulations came to the experimental data. This data can then be used to solve for more
performance parameters, such as thrust and specific impulse. When measuring plasma parameters
in an experimental environment from a Langmuir probe, it is expected that the ion density, electron
density, electron temperature, and electric potential will follow the same trends as the simulations.
Validating this results in an experimental setup allows for more parameters to be varied in the
computational setup with a reliable trust that the data is accurate. This could save valuable
resources such as time and money for other projects, especially in the aspiration is improve microsatellite propulsion systems.
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Appendix
Table 5. List of Variables Used for the Model Options
Variable
Value
Polar (Axisymmetric about X-axis)
Axisymmetric
Transient Conditions: Time
Dependence
Transient
Transient Time Step
Standard
No. of Steps
400
Time Step
7.375E-09

s

Reference Pressure

1

N/m^2

Chemistry Media
Gas Phase: Solve For
Gas Phase Reaction: Reaction Name
Default Surface Reaction: Reaction
Name
Plasma Model
Ion Momentum
Fixed CCP Power
CCP Time Step Size
No. of Steps

Gas Phase
Species Mass Fractions
PLASMA/Argon

VC Setting Mode

Property
Physical (Phys)
Electric/Magnetic
(E/M)

VC Setting Mode

Property
Phys

Unit

PLASMA/Argon
CCP (Most General)
On
Off
Time Steps per Cycle
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Table 6. List of Variables for the Volume Conditions
Dielectric Material
Property
Solid
Material: Property Sources
Import from Database
Solid Material Name
Dielectrics/Alumina
Variable
Density
Electrical Conductivity
(Resistivity)
Relative Permittivity: Constant
Relative Permeability: Constant
Space Charge: Total

Value
3950

Unit
kg/m^3

Dielectric
9.5
1
0

C

RF Electrode Material
Property
Solid
Material: Property Sources
Import from Database
Solid Material Name
Pure_Metals/Copper
Variable
Density

Value
8960
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Unit
kg/m^3

Electrical Conductivity
(Resistivity)
Relative Permittivity: Constant
Relative Permeability: Constant
Space Charge: Total

E/M

VC Setting Mode
Property
Phys
E/M

VC Setting
Mode
Property
Phys
Fluid
Chem

E/M

Plasma

VC Setting
Mode
Property
Phys

Perfect Electrical
Conductor
1
1
0

C

Grounded Material
Property
Solid
Material: Property Sources
Import from Database
Solid Material Name
Aluminum
Variable
Density
Electrical Conductivity
(Resistivity)
Relative Permittivity: Constant
Relative Permeability: Constant
Space Charge: Total

Value
3950
Perfect Electrical
Conductor
1
1
0

Unit
kg/m^3

C

Plenum Region
Property
Fluid
Material: Property Sources
User Input
Variable
Density
Viscosity
Mass Diffusivity Schmidt Number
Mobility
Electrical Conductivity (Resistivity):
Constant
Relative Permittivity: Constant
Relative Permeability: Constant
Space Charge: Total
Electron Collision Frequency:
Constant
Electron Diffusion Coefficient
Ion Diffusion

Value
Ideal Gas Law
Mix Sutherland’s Law
SCH: .7
From Diffusivity
Sigma: 1E-06
1
1
0

Unit

(1/ohmm)
C/m^3

Variable
Einstein’s Equation
From mobility (Einstein Eq.)

Plume Region
Properties
Fluid
Material: Property Sources
User Input
Variable
Density

Value
Ideal Gas Law
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Unit

Fluid
Chem

E/M

Plasma

Viscosity
Mass Diffusivity Schmidt Number
Mobility
Electrical Conductivity (Resistivity):
Constant
Relative Permittivity: Constant
Relative Permeability: Constant
Space Charge: Total
Electron Collision Frequency:
Constant
Electron Diffusion Coefficient
Ion Diffusion

Mix Sutherland’s Law
SCH: .7
From Diffusivity
Sigma: 1E-06
1
1
0

(1/ohmm)
C/m^3

Variable, but same as Plenum
Einstein’s Equation
Same as for neutrals

Table 7. List of Variables for Calculation of Minimum Inlet Pressure
Variable
Value
Unit
Pressure Distance
.597
Torr*cm
Minimum Breakdown Voltage 99.89
V
Average Electrode Distance
1.3
cm
.459
Torr
Standard Operating Pressure
62.5
Pa

Property
Flow
Chem
Plasma
Electr

Property
Flow
Chem
Plasma
Electr

Table 8. List of Variables for the Boundary Conditions
Inlet (BC Type: Inlet)
Variable
Value
SubType
Fixed Pressure
Pressure: Constant
Variable
Reference Pressure
1
Temperature: Constant
300
Mixture Name: Argon (100% Argon
Mixture Definition: Constant
Atoms)
Electron Temperature: Fixed
Gradient
Dte/dn: 0
Electron Number Density
Zero Gradient
Electric Potential: Surface Charge Specify Charge Density: On
Dielectric Walls or Plume Wall (BC Type: Interface)
Variable
Value
SubType
No Slip
Gas Phase SubType: Surface
Use Default Surface Reaction:
Reaction
On
Electron Temperature
Thermal Flux Balance
Electron Number Density
Thermal Flux Balance
Secondary Emission Coefficient
0.1
Electric Potential
Dielectric
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Unit
N/m^2
N/m^2
K

eV/m

Unit

Property
Flow
Chem
Plasma
Electr

Property

Electr

Property
Flow

Chem
Plasma

Electr

Grounded Walls (BC Type: Interface)
Variable
Value
SubType
No Slip
Gas Phase SubType: Surface
Use Default Surface Reaction:
Reaction
On
Electron Temperature
Thermal Flux Balance
Electron Number Density
Thermal Flux Balance
Secondary Emission Coefficient
0.1
Electric Potential
Fixed Potential
Voltage: Constant
Voltage(Real): 0
RF Electrode Walls (BC Type: Wall or Interface)
Variable
Value
Electric Potential
Fixed Potential
Max Voltage (V0) =
Variable
Sinusoidal Voltage (refer to Eq. (1))
Initial Voltage (V1) = 0
Frequency (f) = 13560000
Initial Phase (phi) = 0
Outlet (BC Type: Outlet)
Variable
Value
SubType
Fixed Pressure
Pressure: Constant
0
Reference Pressure
1
Temperature: Constant
100
Mixture Name: Argon (100% Argon
Mixture Definition: Constant
Atoms)
Electron Temperature
Thermal Flux Balance
Electron Number Density
Thermal Flux Balance
Secondary Emission
Coefficient
0
Electric Potential: Surface
Charge
Specify Charge Density: On

Table 9. List of Variables for the Initial Conditions
Dielectric Material, RF Electrode Material, & Grounded Material
Property Variable
Value
Shared
Temperature: Constant
300
Electr
Electric Potential
Voltage: 0

Property Variable
Shared
Temperature: Constant

Plenum Region
Value
300
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Unit

V

Unit
V
V
Hz
deg
Unit
N/m^2
N/m^2
K

Unit
K
V

Unit
K

Flow

Pressure: Constant
Reference Pressure

Chem

Mixture Specification

Plasma
Electr

Electron Temperature:
Constant
Electric Number Density
Electric Potential

Property Variable
Shared
Temperature: Constant
Pressure: Constant
Flow
Reference Pressure
Chem
Plasma
Electr

Mixture Specification
Electron Temperature:
Constant
Electric Number Density
Electric Potential

P: Variable
1
Mixture Name: ArgonInitial (Mass
Fraction: Argon Ions=1E-05 & Argon
Atoms=.99999)

N/m^2
N/m^2

Te: 2
Quasi Neutrality
Voltage: 0

eV
V

Plume Region
Value
300
P: 1
1
Mixture Name: Argon (100% Argon
Atoms)
Te: 1
Quasi Neutrality
Voltage: 0

General
Summaries

Table 11. List of Variables for the Output
Variable
Value
Start: 0
Output By: Timestep
End: 10000000
Every: 1
Plasma CCP Cycle
Print Frequency
Averaged Summary
every: 1
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Unit
K
N/m^2
N/m^2
eV/m
eV
V

Table 10. List of Variables for the Solver Control
Property
Variable
Value
Iter
Maximum Iterations 160
TeNe
7E-05
Inertial Relaxation
Ne
5E-05
Te
0.2
Linear Relaxation
Ne
0.6
Limits
Te
Maximum: 300
Ne
Minimum: 10
Property

eV/m

Unit
time steps (ts)
ts
ts
cycle
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